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ABSTRACT
We study the ultraviolet (UV) emission-line ratios of a sample of 145 type II quasars
(QSO2s) from Sloan Digital Sky Survey III Baryon Oscillation Spectroscopic Survey,
and compare against a grid of active galactic nucleus (AGN) photoionization models
with a range in gas density, gas chemical abundances, and ionization parameter. Most
of the quasars are ”carbon-loud”, with C iv/He ii ratios that are unusually high for
the narrow-line region, implying higher than expected gas density (>106 cm−3) and/or
significantly super-Solar relative carbon abundance. We also find that solar or super-
solar nitrogen abundance and metallicity are required in the majority of our sample,
with potentially significant variation between objects. Compared to radio galaxies at
similar redshifts (HzRGs; z > 2), the QSO2s are offset to higher Nv/He ii, C iv/He ii
and C iii]/He ii, suggesting systematically higher gas density and/or systematically
higher C and N abundances. We find no evidence for a systematic difference in the
N/C abundance ratio between the two types of objects. Scatter in the N iv]/C iv ratio
implies a significant scatter in the N/C abundance ratio among the QSO2s and HzRGs,
consistent with differences in the chemical enrichment histories between objects. In-
terestingly, we find that adopting secondary behaviour for both N and C alleviates
the long-standing ”N iv] problem”. A subset of the QSO2s and HzRGs also appear to
be ”silicon-loud”, with Si iii] relative fluxes suggesting Si/C and Si/O are an order of
magnitude above their Solar values. Finally, we propose new UV-line criteria to select
genuine QSO2s with low-density narrow-line regions.
Key words: galaxies: evolution – galaxies: high-redshift – galaxies: active – galaxies:
ISM – galaxies: quasars: emission lines
1 INTRODUCTION
High-z quasars (QSOs, z > 2) or more generally active galac-
tic nuclei (AGNs) are among the byproducts of galaxy for-
mation. They are powered by the accretion of material onto
a central supermassive black hole (SMBH), and their study
provides powerful tools for understanding SMBH growth
(e.g. Mortlock et al. 2011; Wu et al. 2015), the re-ionization
process (e.g. Fan et al. 2006a,b), and chemical enrichment
history (e.g. Hamann et al. 2002; Dietrich et al. 2003; Bald-
win et al. 2003; Nagao et al. 2006a,b; Xu et al. 2018) during
a poorly understood early phase of galaxy assembly.
Among the notable observational characteristic of
AGNs is the presence of emission lines with widths up-
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wards of 1000 km s−1 (e.g. Villar-Mart´ın et al. 1999a, 2003;
Humphrey et al. 2006; Villar-Mart´ın et al. 2007; Humphrey
et al. 2008a,b; Morais et al. 2017; Silva et al. 2018a,b) and
far in excess of any other known class of galaxy. These broad
lines are thought to arise in gas clouds of high density (i.e.,
nH >∼ 106 cm−3) situated close to the SMBHs (broad line re-
gion or BLR), which are photoionized by the radiation field
from the accretion disk of the SMBH. On the other hand,
when the BLR is obscured by the putative dusty torus, the
observer is able to see narrow lines that arise in low den-
sity gas clouds (i.e., nH <∼ 106 cm−3) located several parsecs
or more from the AGN (narrow line region or NLR). The
ultraviolet and optical emission lines from these regions are
widely used to study the dynamics, ionization, and chemical
abundances of the gas in and around AGNs (e.g. Hamann &
Ferland 1993; Villar-Martin et al. 1997; Ferland et al. 1996;
Hamann & Ferland 1999; Villar-Mart´ın et al. 1999a,b, 2000;
© 2020 The Authors
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Dietrich & Wilhelm-Erkens 2000; De Breuck et al. 2000;
Dietrich & Hamann 2001; Hamann et al. 2002; Baldwin
et al. 2003; Villar-Mart´ın et al. 2003; Nagao et al. 2006a,b;
Jiang et al. 2007; Humphrey et al. 2008a; Juarez et al. 2009;
Humphrey et al. 2009; Morais et al. 2017; Silva et al. 2018a;
Xu et al. 2018).
The gas phase metallicity in AGNs has been studied
extensively, particularly in the case of the BLR of quasars.
Using fluxes of several UV emission lines within the frame-
work of photoionization models, previous works have re-
ported that the BLR metallicity is typically higher than the
solar value (Z/Z ' 4 to 8; e.g. Dietrich & Wilhelm-Erkens
2000; Dietrich & Hamann 2001; Hamann et al. 2002; Diet-
rich et al. 2003; Nagao et al. 2006b; Jiang et al. 2007; Juarez
et al. 2009; Xu et al. 2018), reaching as much as Z/Z '
15 in extreme cases (e.g. Baldwin et al. 2003; Bentz et al.
2004). Although the gas that makes up the BLR represents
only a tiny fraction of the total gas in the host galaxy, it
has been concluded that intense star formation at an early
epoch is required to explain such high levels of chemical en-
richment in many cases (Dietrich & Hamann 2001; Hamann
et al. 2002; Baldwin et al. 2003; Dietrich et al. 2003; Simon
& Hamann 2010; Xu et al. 2018).
Another possibility presented by the literature is to ex-
plore the gas phase metallicity in NLRs. In contrast to BLRs,
the size of these regions are comparable to the size of their
host galaxies which makes it a good tracer of chemical prop-
erties on galactic scales. However, as only a few optically se-
lected high-z type II quasars (QSO2s) have been discovered,
the literature has as main target the study of the Extended
Emission Line Regions (EELR) of HzRGs, name commonly
used for the most extended NLRs which have gas density
lower than the less extended NLRs (nH . 100 cm−3) and
sizes that extend to several hundred kpc (Fosbury et al.
1982; di Serego Alighieri 1988; McCarthy et al. 1990; van
Ojik et al. 1997; Pentericci et al. 1998; Francis et al. 2001;
Reuland et al. 2003; Humphrey et al. 2013; Cantalupo et al.
2014; Swinbank et al. 2015; Borisova et al. 2016; Cai et al.
2017). There have been a number of attempts at estimating
the chemical abundances in the EELR of HzRGs, where the
rest-frame UV lines have been widely used. For example, us-
ing the flux ratios Nv/He ii and Nv/C iv of two HzRGs at z
∼ 2.5, Villar-Mart´ın et al. (1999b) find large flux ratios val-
ues suggesting that N is overabundant in the ionized gas of
these objects. By focusing on the same flux ratios and using
sequences in metallicity, De Breuck et al. (2000) and Ver-
net et al. (2001) reported nitrogen abundances in the range
0.4 . Z/Z . 4.0 or possibly even much higher. Given the
correlation defined by the sample, they suggest a metallicity
evolution in nitrogen abundance. Based on rest-frame opti-
cal spectra obtained by sensitive near-infrared spectroscopy,
Iwamuro et al. (2003) report that HzRGs tend to show sub-
solar metallicities (Z/Z ∼ 0.2), significantly lower than val-
ues previously reported. Such a disagreement with previous
results must surely be due to the use of different modelling
methodologies or different sets of lines which can give sig-
nificantly different metallicity estimates. An additional tool
for the metallicity determination is the N iv] diagram (e.g.
diagrams using the N iv] emission line relative to He ii and
C iv). This diagram poses a problem in that photoionization
models imply it should be less sensitive to ionization param-
eter (U) than the Nv diagram (e.g. diagrams using the Nv
emission line relative to He ii and C iv). However, the mod-
els systematically overpredict N iv]/He ii and N iv]/C iv by
a factor of ∼ 2 (e.g. Vernet et al. 2001; Humphrey et al.
2008a). Taken at face value, the observed N iv] flux ratios
would imply lower N abundance than the Nv flux ratios by
a factor of ∼ 2. By using a large set of lines, Silva et al.
(2018a) report a high gas metallicity ( Z/Z = 2.1) for the
EELR of the HzRG MRC 0943–242. In addition, they find a
substantial range in ionization level across the object, vali-
dated by the analysis of the 2D ionization properties, with a
clear spatial correlation between the radio hotspots and UV
emission lines indicative of relatively low ionization.
In this paper, we present a study of the UV emission
lines of a sample of 145 QSO2s from Sloan Digital Sky
Survey III Baryon Oscillation Spectroscopic Survey (SDSS
BOSS; Alexandroff et al. 2013) in the redshift range 2.0 < z
< 4.3, and compare against a grid of AGN photoionization
models in order to obtain new information about the ioniza-
tion conditions and chemical enrichment history of QSO2s
at high-z. In addition, we use rest-frame optical emission
line fluxes from the literature (Greene et al. 2014), which
partially overlaps with the SDSS BOSS sample of QSO2s.
To complement our study making comparisons of two differ-
ent populations of objects, we also use emission-line fluxes
of HzRGs from the literature (Cimatti et al. 1998; Vernet
et al. 2001; Humphrey et al. 2008a).
This paper is organized as follows. In §2, we describe
the sample and data used in this study. In §3, we describe
the methods for measuring the emission line parameters we
use in our analysis. In §4, we present the photoionization
model grid used to build our diagnostic diagrams, and in
§5 we describe and discuss the results of our comparison
between the data and models. Finally, in §7 we summarize
our conclusions.
2 SAMPLE AND EMISSION LINE DATA
2.1 SDSS BOSS QSO2s
The objects studied in this paper are a subsample of quasars
from the spectroscopic quasar sample of the BOSS of the
SDSS Data Release 9 (see Gunn et al. 2006; Alexandroff
et al. 2013 and references therein). Alexandroff et al. (2013)
selected 452 candidate QSO2s in the redshift range 2.0 < z
< 4.3, using selection criteria that included 5σ detections in
both Lyα and C iv, with both lines also requiring to have
requiring to have full width at half-maximum (FWHM) <
2000 km s−1. These authors further refined their QSO2s can-
didate sample by removing the two main contaminants in
their original sample, narrow line Seyfert 1 (NLS1) galaxies
and broad absorption line (BAL) quasars, and then splitting
the remaining objects into two categories: i) those with the
characteristics of an obscured quasar, i.e., narrow emission
lines, no associated absorption and weak continuum (Class
A; 145 objects); and ii) those with one or more character-
istics of an unobscured quasar, i.e., a broad (BLR) compo-
nent to an emission line, a BAL, or a strong blue continuum
(Class B; 307 objects). In this study, we consider only the
145 Type II Class A quasar candidates of Alexandroff et al.
(2013), in order to avoid unnecessary contamination from
unobscured objects.
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In addition, we make use of rest-frame optical line
fluxes of QSO2 candidates published by Greene et al. (2014),
who used Triplespec on the Apache Point Observatory 3.5m
Telescope (APO), Folded-port Infrared Echellete (FIRE) on
the 6.5m Baade-Magellan Telescope, and the Gemini Near-
Infrared Spectrograph (GNIRS) on the Gemini North 8.1m
Telescope. The sample of Greene et al. (2014) consists of 19
candidate QSO2s at 2.0 < z < 3.4 (see Greene et al. 2014,
Table 2); here we use the line fluxes of 16 candidate QSO2s
which are also present in the Class A subsample discussed
above. In the interest of simplicity, we henceforth refer to
the candidate QSO2s studied here simply as ’QSO2s’.
2.2 Radio Galaxies at 2.27 ≤ z ≤ 3.56
As a comparison sample, we used emission-line fluxes of
HzRGs at 2.27 ≤ z ≤ 3.56 from the literature (see Table A1).
The objects were observed using the Low Resolution Imag-
ing Spectrometer (LRIS) in spectropolarimetry mode at the
Keck II 10-m telescope, the Infrared Spectrometer and Array
Camera (ISAAC) in long-slit mode and Focal Reducer and
Spectrograph (FORS1) at the Very Large Telescope (VLT),
OH Airglow Suppressor (OHS) spectrograph mounted on the
Subaru telescope and ESO Multi-Mode Instrument (EMMI)
at the New Technology Telescope (NTT). The line flux mea-
surements and more detailed information on the observation
are given by Cimatti et al. (1998), Vernet et al. (2001) and
Humphrey et al. (2008a). Humphrey et al. also presented
near-IR spectroscopy for a partially overlapping sample of
HzRGs in a similar redshift range, which we make use of
11 of the 16 HzRGs in this sample. A number of previous
publications have presented further analyses of these objects
(e.g. McCarthy et al. 1992; Ro¨ttgering et al. 1995; Knopp
& Chambers 1997; Cimatti et al. 1998; Villar-Mart´ın et al.
1999b; Pentericci et al. 1999; Overzier et al. 2001; Pentericci
et al. 2001; Villar-Mart´ın et al. 2002; Iwamuro et al. 2003;
Egami et al. 2003; Villar-Mart´ın et al. 2003; Humphrey et al.
2006; Broderick et al. 2007; Humphrey et al. 2007; Gullberg
et al. 2016; Morais et al. 2017; Silva et al. 2018b).
In the special case of the radio galaxy MRC 0943–242
(z = 2.92), we have used the UV and optical lines from the
X-SHOOTER study of Silva et al. (2018a). However, given
that some UV emission lines were not detected by the X-
SHOOTER instrument we also make use of the UV emission
lines from Vernet et al. (2001) in order to complement the
X-SHOOTER data.
Two of the HzRGs in this sample appear to be inter-
mediate objects. MRC 2025–218 (z = 2.63) appears to be
a broad line radio galaxy (BLRG), on account of its broad
C iv (e.g. Villar-Mart´ın et al. 1999b) and Hα (e.g. Larkin
et al. 2000; Humphrey et al. 2008a) lines. In addition, MRC
1558-003 (z = 2.57) shows broad (FWHM = 12000 km s−1)
Hα (Humphrey et al. 2008a), while its permitted UV lines
remain narrow (e.g., FWHM∼1000 km s−1), but as this pa-
per focuses on the UV lines we classify it as a type 2 radio
galaxy.
2.3 Core-Extremely Red Quasars
We also include four ’core extremely red quasars’ (core-
ERQs; see Ross et al. 2015, Zakamska et al. 2016, Hamann
et al. 2017, Villar Martin et al. 2020) in the redshift range
2.3 < z < 2.6. It has been proposed that core-ERQs are in a
strongly dust-obscured evolutionary stage, where the central
engine is in the process of removing gas and dust from its
vicinity via powerful outflows, after which it will evolve into
a classical unobscured quasar (Zakamska et al. 2016). Re-
cently, however, Villar Martin et al. (2020) have challenged
this scenario, proposing instead that the observed properties
are instead the consequence of orientation and the effects of
the high bolometric luminosities of the central engine. What-
ever their true nature, it is clear that core-ERQs represent
an important phase in the co-evolution of a quasar and its
host galaxy. We make use of the UV line ratios published by
Villar Martin et al. (2020, see Table 1).
3 DATA ANALYSIS
For the purpose of fitting the emission line parameters (e.g.
flux and wavelength) we created a python routine that min-
imizes the sum of the squares of the difference between the
model and data using the lmfit algorithm (Newville et al.
2014). Gaussian profiles were used to fit the emission lines,
with additional Gaussian profiles being added when neces-
sary to obtain a good fit. We also use Voigt profiles to model
any detected absorption features within the velocity profiles
of Lyα or C iv. The continuum emission, although not used
in our later analysis, was modeled on a line-by-line basis
using a single power law.
For doublets, such as C iv λλ1548,1551 (hereafter C iv)
or Nv λλ1239,1243 (hereafter Nv), we use a single Gaus-
sian for each doublet component, with both components con-
strained to have equal FWHM, and a fixed wavelength sep-
aration corresponding to the theoretical value. In the case of
resonant lines, we adopt a fixed flux ratio of blue:red = 2:1
corresponding to the optically thin case. We have repeated
our fits using optically-thick (blue:red ∼1:1) and find no sig-
nificant difference to the summed flux of the two doublet
components.
In the case of density sensitive doublets such as
Si iii] λλ1883,1892 (hereafter Si iii]) and C iii] λλ1907,1909
(hereafter C iii]), we adopt the low density flux ratio
(blue:red>∼ 1:1). Repeating our fits using a doublet ratio cor-
responding to high (BLR) density made no significant differ-
ences to our flux measurements of sum of the doublet flux.
In the special cases where multiple lines are blended
together, such as Ovi λλ1032,1038 + C ii λ1037 (hereafter
Ovi+C ii) or Si iv λλ1393,1402 + O iv]λλ1401,1407 (here-
after Si iv+O iv]), each line was fitted with a single Gaus-
sian, with all lines constrained to have equal FWHM, and a
fixed wavelength separation corresponding to the theoretical
value. However, the flux ratio between different species was
allowed to vary freely. In such cases, we provide the flux of
the summed blend.
The forbidden emission line [Ne iv] λ1602 (hereafter
[Ne iv]1602) was detected only in 3 objects (see Fig. A1),
but considering its importance as a diagnostic of electron
density when used together with [Ne iv] λ2422, we have es-
timated its 3σ upper limit in cases where the 2422 A˚ line
was detected.
As shown by Humphrey (2019), the Lyα emission from
the narrow line region can be significantly contaminated by
MNRAS 000, 1–22 (2020)
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the Ov] λλ1213.8,1218.3 doublet, particularly when other
high-ionzation UV lines such as Nv or C iv are strong. This
potential contamination, together with the fact that Lyα
emission can also be strongly affected by line transfer effects
(e.g. Silva et al. 2018b), reduces the quantitative usefulness
of the line. As such, Lyα will not be considered in our later
analysis. However, for the sake of completeness we include
in our table of results the best fit flux of the overall Lyα +
Ov] + He ii λ1215.1 blend, without attempting to correct
for the effects described above.
Throughout this paper we shall abbreviate the other
emission lines as follows: Lyα for Lyα λ1216, O i for O i
λ1304, N iv] for N iv] λ1487, He ii for He ii λ1640, O iii] for
O iii] λ1661, [Ne iv] for [Ne iv] λ2422 (see Figures A2 and
A3 showing the detection), Mg ii for Mg ii λλ2796, 2803 (see
Table A2), Hβ for Hβ λ4863, [O iii] for [O iii] λ5007, [N ii]
for [N ii] λ6585 and Hα for Hα λ6565.
4 PHOTOIONIZATION MODELS
In order to characterize the chemical abundances, density
and ionization properties of the observed emission line gas, a
grid of photoionization models was computed using the mul-
tipurpose code MAPPINGS Ie (Binette et al. 1985; Ferruit
et al. 1997). In the interest of simplicity, we have adopted a
single-slab, radiation bounded and isochoric geometry. The
main input parameters were:
• Spectral energy distribution (SED)1 of the photoioniz-
ing continuum radiation, set to α = - 1.0 with a high-energy
cut-off of at 1.0 × 103 eV (e.g. Francis 1993; Villar-Martin
et al. 1997; Villar-Mart´ın et al. 1999b; De Breuck et al. 2000;
Vernet et al. 2001; Silva et al. 2018a). We have also briefly
explored using a softer SED (α = - 1.5), since it is conceiv-
able that some AGNs at z& 2 may have softer ionizing SEDs
(e.g. Binette et al. 2003; Villar-Mart´ın et al. 2007), but these
models provided a considerably worse fit to the observed line
ratios of the QSO2s, and thus will not be considered further.
• Hydrogen density nH , with the values nH = 102, 104,
106, 107 or 108 cm−3.
• Ionization parameter U, defined as the ratio of the ioniz-
ing photon density to the hydrogen density at the irradiated
surface of a cloud2. It was set to vary from U = 2×10−3 to
1.0.
• Gas metallicity Z/Z, which we define as the O/H abun-
dance ratio divided by its Solar value as determined by As-
plund et al. (2006), and for which we use the values Z/Z
= 0.5, 1.0, 2.0, 3.0, 4.0, or 5.0. For our default solar abun-
dances set, we adopt the solar abundances of Asplund et al.
(2006). With the exceptions of nitrogen and sometimes car-
bon and silicon, we maintain all heavy elements at their
solar abundance ratio with oxygen. In the case of N, we
have adopted secondary N behaviour (see §5.2.1), such that
1 The ionizing continuum is characterized as a power law with
Sv ∝ vα where v is frequency (Hz) and Sv is the flux density (erg
s−1 Hz−1).
2 We adopt the definition Q/(4pir2nH c), where Q is the isotropic
ionizing photon number luminosity of the source, r is the distance
of the cloud from the ionizing source, nH is the hydrogen density
and c is the speed of light.
N/H ∝ O/H at Z/Z<0.3 and N/O ∝ O/H at Z/Z≥0.3, to
take into account its expected behaviour at moderate to high
metallicity (Villar-Mart´ın et al. 1999b; Henry et al. 2000).
To explore the potential impact of secondary behaviour of
C, every model in grid has been run twice: once with C/O
fixed at its solar ratio (primary behaviour; see Table A3)
and once with C/O ∝ N/O (secondary behaviour; Table A4;
see (Nicholls et al. 2017)). To explore the impact of superso-
lar Si abundances, some of our models were also rerun with
Si/O = 10 × its solar value (see Tables A5 and A6). In total,
our grid contains 130 individual models.
5 RESULTS AND DISCUSSION
5.1 The diagnostic diagrams
In Figures 1–8 and A4–A21, we show diagnostic diagrams
with our grid of photoionization models and observed emis-
sion line ratios of the QSO2s, HzRGs and core-ERQs. In
these Figures, each line represents a sequence in ionization
parameter U at fixed values of nH and Z. The six panels in
each figure show the models at a different gas metallicity Z.
The measured line ratios of the QSO2s are shown by pur-
ple filled diamonds (C iv/He ii < 4) or yellow filled circles
(C iv/He ii > 4). The HzRGs are shown by blue filled trian-
gles; however, for the special case of the BLRG 2025–218, we
use instead a red filled triangle. The core-ERQs are shown
by green filled hexagon. Arrows indicate 3σ upper or lower
limits (see for example Figs. A12 and A13). For a summary
of the results obtained with each diagram, see Table 1.
5.2 Gas chemical abundances
5.2.1 Nitrogen abundance
Nitrogen is mainly produced by the CN cycle of the CNO
reactions which catalyze hydrogen burning in stars. It is
mostly a secondary element being synthesized from the C
and O already present in the stars, and the increase in the
abundance of N should be proportional to the initial C and
O content, which will be proportional to the square of the
metal content in a galaxy (Hamann & Ferland 1992; Mat-
teucci & Padovani 1993; Matteucci 1996; Chiappini et al.
2003; Nicholls et al. 2017). As such, line ratios involving N
are valuable tracers of chemical enrichment, since this el-
ement is selectively enhanced by secondary processing in
stellar populations.
The study of the gas metallicity using nitrogen lines
(more specifically Nv) over C iv or He ii has been applied
to the BLRs and NLRs of high-z quasars (e.g. Hamann
& Ferland 1993; Ferland et al. 1996; Hamann & Ferland
1999; Dietrich & Wilhelm-Erkens 2000; Dietrich & Hamann
2001; Hamann et al. 2002; Baldwin et al. 2003; Nagao et al.
2006a,b; Xu et al. 2018) and also HzRGs (e.g. van Ojik et al.
1994; Villar-Martin et al. 1997; Villar-Mart´ın et al. 1999b;
De Breuck et al. 2000; Vernet et al. 2001; Overzier et al.
2001; Humphrey et al. 2008a; Morais et al. 2017; Silva et al.
2018a). Such studies have generally concluded that the BLR
or NLR of many high-z quasars and HzRGs have solar or su-
persolar gas metallicities.
Looking first at the Nv-diagram (Fig. 1 and 2), the
observational data shows an order of magnitude range in
MNRAS 000, 1–22 (2020)
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Figure 1. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), Keck II HzRGs from Vernet et al. (2001) (blue filled triangles),
BLRG 2025–218 (red filled triangle) from Humphrey et al. (2008b) and core–ERQ (green filled hexagon) from Villar Martin et al. (2020)
with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different gas metallicity, i.e.,
Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a
solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum
value of the ionization parameter (U = 1.0).
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Figure 2. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), Keck II HzRGs from Vernet et al. (2001) (blue filled triangles),
BLRG 2025–218 (red filled triangle) from Humphrey et al. (2008b) and core–ERQ (green filled hexagon) from Villar Martin et al. (2020)
with photoionization models using ionizing continuum power law index α = -1.0. Nitrogen and Carbon are a secondary elements in which
their abundances are proportional to the square of the metallicity. Each diagram presents a different gas metallicity, i.e., Z/Z = 0.5,
1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid black
triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum value of
the ionization parameter (U = 1.0). MNRAS 000, 1–22 (2020)
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Figure 3. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), Keck II HzRGs from Vernet et al. (2001) (blue filled triangles),
BLRG 2025–218 (red filled triangle) from Humphrey et al. (2008b) and core–ERQ (green filled hexagon) from Villar Martin et al. (2020)
with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different gas metallicity, i.e.,
Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a
solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum
value of the ionization parameter (U = 1.0).
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Figure 4. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), Keck II HzRGs from Vernet et al. (2001) (blue filled triangles),
BLRG 2025–218 (red filled triangle) from Humphrey et al. (2008b) and core–ERQ (green filled hexagon) from Villar Martin et al. (2020)
with photoionization models using ionizing continuum power law index α = -1.0. Carbon is a secondary element in which its abundance
is proportional to the square of the metallicity. Each diagram presents a different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0.
Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid black triangle corresponds to
the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum value of the ionization parameter
(U = 1.0). MNRAS 000, 1–22 (2020)
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Figure 5. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively) and Keck II HzRGs from Vernet et al. (2001) (blue
filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different gas
metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of
each sequence, a solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds
to the maximum value of the ionization parameter (U = 1.0).
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Figure 6. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively) and Keck II HzRGs from Vernet et al. (2001) (blue filled
triangles) with photoionization models using ionizing continuum power law index α = -1.0. Carbon is a secondary element in which
its abundance is proportional to the square of the metallicity. Each diagram presents a different gas metallicity, i.e., Z/Z = 0.5, 1.0,
2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid black
triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum value of
the ionization parameter (U = 1.0).
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Table 1. Summary of the results obtained with the diagrams. PC = Primary behaviour of Carbon, SC = Secondary behaviour of Carbon,
PCSi10 = Primary behaviour of Carbon with Si/O = 10×Solar, SCSi10 = Secondary behaviour of Carbon with Si/O = 10×Solar.
Fig. number Diagrams Adundance Summary of results
1 Nv/C iv vs. Nv/He ii PC
A combination of nH & 107 cm−3 and O/H & 4×Solar is required (QSO2s and core-ERQs).
The HzRGs require gas metallicity & 0.5×Solar, with some objects requiring Solar or super-Solar metallicity.
2 Nv/C iv vs. Nv/He ii SC The models fail to reproduce the positions of the core-ERQs and also of ∼ 30% of QSO2s.
3 Nv/C iv vs. C iv/C iii] PC
The observed C iv/C iii] ratio suggests significant variation in U between objects.
There is no evidence for a systematic difference in the N/C abundance ratio between the QSO2s and the HzRGs.
4 Nv/C iv vs. C iv/C iii] SC The N/C abundance ratio ceases to be a useful metallicity indicator.
5 N iv]/C iv vs. C iv/C iii] PC It strongly suggests a significant variation in the N/C abundance ratio between objects.
6 N iv]/C iv vs. C iv/C iii] SC The N/C abundance ratio ceases to be a useful metallicity indicator.
7 C iv/C iii] vs. C iv/He ii PC
A combination of nH & 106 cm−3 and Z/Z = 2.0 appears to provide the closest fit to the high flux ratio of QSO2s and core-ERQs.
A combination of nH = 10
2 cm−3 and Z/Z > 2.0 appears to provide the best fit to the observed flux ratios of most of HzRGs.
8 C iv/C iii] vs. C iv/He ii SC
A combination of intermediate gas density (nH < 10
6 cm−3) and Z/Z & 4.0 is required for the QSO2s.
The core-ERQs strongly suggest high gas densities and metallicities well above solar.
Most of the diagrams predict very high C iv/He ii ratio compared with the observed C iv/He ii ratio of the HzRGs.
A4 Si iii]/C iii] vs. C iv/C iii] PC Models using the Solar Si/O abundance ratio fail to explain the observed Si iii]/C iii] flux ratios of the QSO2s and HzRGs.
A5 Si iii]/C iii] vs. C iv/C iii] SC Models also fail to explain the observed Si iii]/C iii] flux ratios of the QSO2s and HzRGs.
A6 Si iii]/C iii] vs. C iv/C iii] PCSi10 Models with a Si/O abundance ratio of 10 × Solar suggest that Si/C is an order of magnitude (or more) above their Solar values.
A7 Si iii]/C iii] vs. C iv/C iii] SCSi10 Models with a Si/O abundance ratio of 10 × Solar suggest that Si/C is an order of magnitude (or more) above their Solar values.
A8 Si iii]/O iii] vs. C iv/He ii PC Consistent with the results obtained with the diagrams using Si iii]/C iii] flux ratios.
A9 Si iii]/O iii] vs. C iv/He ii SC Consistent with the results obtained with the diagrams using Si iii]/C iii] flux ratios.
A10 Si iii]/O iii] vs. C iv/He ii PCSi10 Models with a Si/O abundance ratio of 10 × Solar suggest that Si/O is an order of magnitude (or more) above their Solar values.
A11 Si iii]/O iii] vs. C iv/He ii SCSi10 Models with a Si/O abundance ratio of 10 × Solar suggest that Si/O is an order of magnitude (or more) above their Solar values.
A12 [Ne iv]1602/[Ne iv]2422 vs. C iv/He ii PC
The [Ne iv]1602/[Ne iv]2422 ratio which imply ne <∼ 106 cm−3 for most of the QSO2s.
There are two QSO2s where the [Ne iv]1602/[Ne iv]2422 ratio implies ne >∼ 106 cm−3.
A13 [Ne iv]1602/[Ne iv]2422 vs. C iv/He ii SC Consistent with the results using PC.
A14 [Ne iv]2422/C iv vs. C iv/He ii PC The models fail to reach the positions of most of the plotted QSO2s, which lie above and/or to the right of the models.
A15 [Ne iv]2422/C iv vs. C iv/He ii SC Models produce much higher CIV/HeII ratios even at low gas density, allowing the positions of the QSO2s to be generally well reproduced in this diagram.
A16 [Ne iv]2422/He ii vs. C iv/He ii PC The models fail to reach the positions of most of the plotted QSO2s, which lie above and/or to the right of the models.
A17 [Ne iv]2422/He ii vs. C iv/He ii SC Models produce much higher CIV/HeII ratios even at low gas density, allowing the positions of the QSO2s to be generally well reproduced in this diagram.
A14 [N ii]/Hα vs. C iv/He ii PC
Some QSO2s appear consistent with intermediate gas density and super-Solar gas metallicity.
The HzRGs appear consistent with low gas density and super-Solar gas metallicity.
A15 [N ii]/Hα vs. C iv/He ii SC Models with super-Solar gas metallicity (Z/Z & 2.0) appears to provide the closest fit to the observed flux ratios of most of the QSO2s.
A16 [N ii]/Hα vs. Nv/He ii PC
Models with super-Solar gas metallicity (Z/Z & 2.0) appears to provide the closest fit to the observed flux ratios of most of the QSO2s.
There is no evidence for a systematic difference in the [N ii]/Hα ratio between the QSO2s and the HzRGs.
A17 [N ii]/Hα vs. Nv/He ii SC Models fail to reach the positions of most of the QSO2s.
Nv/C iv and Nv/He ii, with the data running along three
parallel correlations: (i) the HzRGs; (ii) the QSO2s with
C iv/He ii < 4 offset vertically to higher Nv/He ii values; (iii)
the QSO2s with C iv/He ii > 4 and the core-ERQs vertically
offset to still higher values of Nv/He ii. In this diagram,
there is a degeneracy between nitrogen abundance and U,
such that a sequence in U can mimic a sequence in nitrogen
abundance, and vice versa (see also Humphrey et al. 2008a).
The trend defined by the QSO2s sample runs parallel to the
loci of varying U and varying metallicity, suggesting that U
and/or metallicity varies significantly between the quasars.
Based on their position relative to the models, QSO2s at the
low Nv/He ii and Nv/C iv end of the trend require N/H of
at least 0.25×Solar, corresponding to O/H = 0.5×solar if our
adopted relation between N/H and O/H is correct (Fig. 1
and 2, top left panel)3.
Conversely, to explain the QSO2s at the high end of
the Nv/He ii and Nv/C iv trend (including the core-ERQs
from Villar Martin et al. 2020), we find that a combination
of high gas density (nH & 107 cm−3) and N/H & 16×solar
is required, corresponding to O/H & 4×solar. A potential
alternative to nH & 107 cm−3 could be that this subset of
QSO2s and the four core-ERQs have a nitrogen abundance
that is a factor of >∼ 2 higher than assumed in our highest
metallicity models. While there is potentially a large varia-
3 Strictly speaking, using Nv/He ii in this way we obtain the
N/He ratio, which we use as a proxy for N/H assuming He/H =
0.085.
tion in N/H throughout the QSO2 sample, from N/H ∼ 0.25
to N/H ∼ 16×solar, the degeneracy between U and N/H in-
herent to the Nv-diagram means that the QSO2 data are
also compatible with a range in U and a smaller (or no) vari-
ation in N/H between objects. For instance, our sequence in
U with 4×solar metallicity is able to reproduce the full range
of Nv/He ii and Nv/C iv shown by the QSO2s.
When using secondary behaviour for carbon, the Nv-
diagram changes such that even at high-U and high metal-
licity, the models fail to reproduce the positions of the core-
ERQs and also of ∼ 30% of QSO2s with the highest values
of Nv/C iv (Fig. 2). This is because our adopted secondary
behaviour of C and N results in a constant solar N/C abun-
dance ratio at all values of gas metallicity, preventing the
supersolar N/C ratios that give rise to the highest Nv/C iv
line ratios in Fig. 1. Nevertheless, Fig. 1 and Fig. 2 give con-
sistent results in terms of Nv/He ii and the N/H abundance
ratio, because this ratio is unaffected by the choice between
using the primary or secondary behaviour of carbon.
In Figs. 3 and 4 we show the Nv/C iv vs. C iv/C iii] dia-
gram, which one might expect to provide information about
the possible degeneracy between N abundance and U. How-
ever, no obvious correlation is seen between the Nv/C iv
ratio and the U-sensitive C iv/C iii] ratio. The observed
CIV/CIII] ratio varies by more than an order of magni-
tude in the QSO2 sample, suggesting significant variation
in U between objects. However, the degeneracy between U,
metallicity and density in this diagram makes it challenging
to determine the extent to which U might vary in the sam-
ple, or whether U genuinely varies at all. Given the complex
MNRAS 000, 1–22 (2020)
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behaviour of the U-sequences, which are highly dependent
on the density and metallicity of the gas we suggest that
at least two out of U, Z and nH vary significantly in the
QSO2 sample, in order to produce the observed distribution
of points in this diagram.
The observed flux ratio N iv]/C iv (see Figs. 5 and 6)
shows significant scatter perpendicular to the model loci,
which is difficult to explain by variation in U or nH , and
which strongly suggests a significant variation in the N/C
abundance ratio between objects. However, it is unclear
whether the relative variation is due to differences in the ISM
abundance ratio, differential depletion of N and C into dust
grains, or interstellar absorption of C iv. Previous modeling
which used primary carbon behaviour systematically over-
predicted N iv]/He ii and N iv]/C iv by a factor of ∼ 2 (e.g.
Vernet et al. 2001; Humphrey et al. 2008a) but, interestingly,
using secondary behaviour for both N and C appears to al-
leviate this problem involving this so-called N iv]-problem.
Another interesting result from our models is that when
secondary behaviour is adopted for carbon, the N/C abun-
dance ratio (and consequently the Nv/C iv and N iv]/C iv
flux ratios) ceases to be a useful metallicity indicator. This
is because, at least in the scheme we have adopted for the
secondary behaviour of N and C, the N/C abundance ratio
remains constant across the full range of gas metallicity.
Although the gas phase metallicity of the HzRGs has
been examined in several previous studies (Villar-Mart´ın
et al. 1999b; Vernet et al. 2001; Humphrey et al. 2008a), we
revisit this topic here in light of our new analysis and mod-
els. Consistent with previous authors (Villar-Mart´ın et al.
1999b; Vernet et al. 2001; Humphrey et al. 2008a), we find
that the HzRGs require N/H & 0.25 ×solar, implying gas
metallicity & 0.5×solar, with some objects requiring solar or
supersolar N/H, and by implication in our N abundance vari-
ation scheme, solar or supersolar metallicity. Interestingly,
the BLRG 2025-218 shows higher Nv/He ii and Nv/C iv
ratios than any of the HzRGs, with its Nv/He ii ratio being
consistent with the group of QSO2s that have C iv/He ii <
4. As argued by Humphrey et al. (2008a), the positions of
the HzRGs in the Nv-diagram are also consistent with little
or no variation in N/H, and a range in ionization parameter
U. We argue that the vertical offset between the QSO2s and
HzRGs implies that the QSO2s typically have significantly
higher gas density (at least 2 orders of magnitude), and/or
that the QSO2s have significantly higher N/H (a factor of ∼
4) than the HzRGs. On the other hand, we note that there
is no evidence for a systematic difference in the N/C abun-
dance ratio between the QSO2s and the HzRGs.
5.2.2 Carbon abundance
Carbon is also a product of the CNO cycle which can be
produced by stars of all masses. Although it is substantially
produced in low and intermediate mass stars where the bulk
of nitrogen also originates, carbon is also expected to de-
rive from supernovae as is also the case for the so-called
α-elements (e.g. O, Ne, Mg; Matteucci & Padovani 1993;
Matteucci 1996).
In Figures 7 and 8, we show the C iv-diagram. The
observational data shows an order of magnitude range in
C iv/He ii and C iv/C iii], with some QSO2s showing very
high values of C iv/He ii (> 10). The core-ERQs show very
high C iv/He ii, with C iv/C iii] consistent with the range of
values spanned by the QSO2s. Although some of this vari-
ation could be due to the presence of a range in U in the
sample, the large dispersion in C iv/He ii at a given value of
C iv/C iii] appears inconsistent with being due to variation
in U alone. We argue that at least two out of U, Z ,C/H,
or nH would need to have a significant variation in order
to simultaneously explain the distribution of the observa-
tional data in this diagram. In the case of the QSO2s with
C iv/He ii > 4 and the core-ERQs, we find that a combina-
tion of high gas density (nH & 106 cm−3) and supersolar gas
metallicity (Z/Z = 2.0) provides the best overall match to
the line ratios (see Fig. 7).
Using secondary behaviour of C we find that a combina-
tion of intermediate gas density (nH < 10
6 cm−3) and Z/Z
& 4.0 is required for the QSO2s. In addition, C iv/He ii does
appear to show a simple relationship with Z, such that higher
Z results in higher C iv/He ii ratios. The large C iv/He ii
values shown by the core-ERQs strongly suggest high gas
densities, and metallicities well above solar.
The HzRGs (including the BLRG 2025-218) have sys-
tematically weaker C iv/He ii (versus UV and rest-frame op-
tical lines) than most of the QSO2s. On the other hand, we
note that there is no evidence for a systematic difference
in the C iv/C iii] ratio between the QSO2s and the HzRGs,
with the exception of the BLRG 2025-218, which shows the
lowest C iv/C iii] ratio. Using primary behaviour of C, a
combination of low gas density (nH = 10
2 cm−3) and Z/Z
> 2.0 appears to provide the best fit to the observed flux
ratios of most of HzRGs, which is different to the BLRG
2025-218 that appears consistent with gas density 104 cm−3
< nH < 10
6 cm−3 and Z/Z ≥ 1.0. In the case of secondary
C behaviour we note that, with exception of the diagram
with Z/Z = 0.5, the U-sequences with nH = 102 cm−3 pre-
dict very high C iv/He ii ratio compared with the observed
C iv/He ii ratio of the HzRGs.
5.2.3 Silicon abundance
The abundance of Si relative to other metals is particularly
interesting because its behaviour deviates somewhat from
that of O and other α-elements. In addition to being pro-
duced by short-lived massive stars, Si is also produced on
very long timescales (∼ 1 Gyr) by Type Ia supernovae, which
means the Si abundance can in principle continue to increase
long after star formation and O-production has ceased (e.g.
Matteucci & Padovani 1993).
In Figs. A4 and A5, we compare the observed flux ra-
tios of Si iii]/C iii] and C iv/C iii] with the prediction of the
photoionization models. Our models using the solar Si/O
abundance ratio fail to explain the observed Si iii]/C iii] flux
ratios of the QSO2s and HzRGs that are detected in Si iii],
with the observed ratios being a factor of ∼10 higher than
produced in these models. On the other hand, our models
with a Si/O abundance ratio of 10 × solar dramatically re-
duce this discrepancy, suggesting that Si/O and Si/C are an
order of magnitude (or more) above their solar values (see
Figs. A6 and A7). The C iv/He ii vs. Si iii]/O iii] diagram
is consistent with this. We find no systematic difference in
the Si iii]/C iii] or Si iii]/O iii] flux ratios between the QSO2
and HzRG samples.
These results are independent of whether the primary or
MNRAS 000, 1–22 (2020)
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Figure 7. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), Keck II HzRGs from Vernet et al. (2001) (blue filled triangles),
BLRG 2025–218 (red filled triangle) from Humphrey et al. (2008b) and core–ERQ (green filled hexagon) from Villar Martin et al. (2020)
with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different gas metallicity, i.e.,
Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a
solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum
value of the ionization parameter (U = 1.0).
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Figure 8. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), Keck II HzRGs from Vernet et al. (2001) (blue filled triangles),
BLRG 2025–218 (red filled triangle) from Humphrey et al. (2008b) and core–ERQ (green filled hexagon) from Villar Martin et al. (2020)
with photoionization models using ionizing continuum power law index α = -1.0. Carbon is a secondary element in which its abundance
is proportional to the square of the metallicity. Each diagram presents a different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0.
Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid black triangle corresponds to
the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum value of the ionization parameter
(U = 1.0). MNRAS 000, 1–22 (2020)
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secondary behaviour of carbon is used. It is also important
to be aware that these results only apply to quasars or radio
galaxies for which Si iii] emission has been detected and, as
such, there may be a bias towards the presence of objects
with very high Si abundances in these diagrams.
5.3 Gas Density
As mentioned already in Section 5.2, a subset of the QSO2s
show very high values of C iv/He ii and Nv/He ii, with one
possible explanation being that their NLR has a relatively
high gas density (e.g., >∼ 106 cm−3), although very high N
and C abundances may also explain the ratios. Here, we
consider new line ratio diagnostics to break the degeneracy
between density and abundance effects, and discuss which
of the two effects is most likely the cause of the very high
C iv/He ii and Nv/He ii ratios.
For this, we propose three additional density-
sensitive ratios: [Ne iv]2422/C iv, [Ne iv]2422/He ii, and
[Ne iv]1602/[Ne iv]2422. New diagnostic diagrams using
these ratios are shown in Figs. A12 – A17. The line
[Ne iv]2422 is often detected in photoionized regions asso-
ciated with AGNs at high-z (e.g. Vernet et al. 2001), and
as a forbidden line (critical density = 1.0×106 cm−3 for T e
= 104 K) it becomes collisionally de-excited at ne >∼ 106
cm−3. This means its flux ratio to permitted lines (e.g.,
[Ne iv]2422/C iv or [Ne iv]2422/He ii) decreases as density
increases.
Similarly, the forbidden line [Ne iv]1602, with a criti-
cal density of 1.0×108 cm−3 (for T e = 104 K), also suffers
collisional de-excitation at densities of >∼ 108 cm−3, and its
ratio to permitted lines also decreases as density increases.
However, this line is usually very weak and thus detections
are rare (e.g. Vernet et al. 2001), although the advent of the
next generation of extremely large telescopes should make
detection of this line in type 2 active galaxies more common-
place.
In addition, the ratio between [Ne iv]1602 and
[Ne iv]2422 is sensitive to density because the two lines have
different critical densities, with collisional de-excitation of
[Ne iv]2422 starting at lower densities than [Ne iv]1602. As
a result, the [Ne iv]1602/[Ne iv]2422 flux ratio increases as
density increases.
In Figs. A16 and A17 we show C iv/He ii vs.
[Ne iv]2422/He ii. When using the primary behaviour of car-
bon (Fig. A16), we find that the models fail to reach the po-
sitions of most of the plotted QSO2s, which lie above and/or
to the right of the models. Although high densities do pro-
duce sufficiently high values of C iv/He ii, this comes at the
cost of a substantial decrease in [Ne iv]2422/He ii due to
collisional de-excitation of the [Ne iv] line. In other words,
C iv/He ii and [Ne iv]2422/He ii are simultaneously too high
to be explained by these models, regardless of which density
or metallicity is used.
However, we find that when using secondary behaviour
for carbon (Fig. A17), our high metallicity models (Z/Z
>∼ 2) produce much higher CIV/HeII ratios even at low
gas density (<∼ 104 cm−3), allowing the positions of the
QSO2s to be generally well reproduced in this diagram. We
obtain essentially the same result from the C iv/He ii vs.
[Ne iv]2422/C iv diagram (see Figs. A14 and A15).
In the C iv/He ii vs. [Ne iv]1602/[Ne iv]2422 diagram
(Figs. A12 and A13), most of the QSO2s have upper lim-
its on the [Ne iv]1602/[Ne iv]2422 ratio which imply ne <∼
106 cm−3. However, there are two QSO2s where [Ne iv]1602
was detected and [Ne iv]2422 was not, and their lower limits
on [Ne iv]1602/[Ne iv]2422 requires ne >∼ 106 cm−3, imply-
ing these two are intermediate or high density objects.
Overall, the positions of the HzRGs in the C iv/He ii
vs. [Ne iv]2422/He ii and C iv/He ii vs. [Ne iv]2422/C iv di-
agrams are well explained using models with ne <∼ 104 cm−3,
consistent with previous conclusions about the gas density
in the extended gas of HzRGs (e.g. De Breuck et al. 2000;
Vernet et al. 2001; Humphrey et al. 2008a). Furthermore, we
find that the single HzRG which has a measurement of both
[Ne iv]1602 and [Ne iv]2422 (TXS 0828+193; Vernet et al.
2001) lies very close to the ne = 100 cm
−3 density mod-
els, consistent with a low gas density. Based on the emission
line ratios of the BLRG 2025-218, we find that intermedi-
ate gas density (104 cm−3 < nH < 106 cm−3) appears to be
required, consistent with previous work (e.g. Villar-Mart´ın
et al. 1999b).
Interestingly, in the C iv/He ii vs. [Ne iv]2422/He ii di-
agram (Figs. A16 and A17) the HzRGs and QSO2s show
no systematic difference in [Ne iv]2422/He ii, suggesting the
NLR of the plotted QSO2s and the HzRGs have similar gas
densities. The systematic vertical offset of the QSO2s above
the HzRGs then suggests that the QSO2s have substantially
higher carbon abundance.
Of course, the conclusions derived from the [Ne iv] lines
apply only to the objects for which we have detected one
such line, and it is plausible that many other QSO2s in this
sample are undetected in [Ne iv] as a result of collisional
de-excitation in high-density gas. Nonetheless, this analysis
shows that at least some of the QSO2s in this sample, includ-
ing some objects with very high C iv/He ii, have low density
NLRs with high carbon abundances. On the other hand, at
least two of the QSO2s do appear to have intermediate or
high density (ne >∼ 106 cm−3), and thus it is likely that this
sample of QSO2s encompasses objects with a wide range in
gas density.
Investigating the possible correlation between the
C iv/He ii flux ratio and the FWHM of the C iv emission
line, we find that the Spearman correlation (ρ) and the t-
distribution (p-value) indicate a reasonable positive relation-
ship between the C iv/He ii flux ratio and FWHMCIV with
ρ = 0.47 and p-value = 9.01×10−7 (see Fig. 9). The diagram
shows that there is a correlation between higher FWHMCIV
and higher C iv/He ii flux ratio, which is consistent with
some of the QSO2s having a contribution from a region with
density and kinematic properties intermediate between the
classical NLR and BLR. A possible alternative explanation
is that outflows are present in some objects, broadening C iv
and enhancing the C iv/He ii due to shock ionization.
The extremely high values of Nv/He ii and C iv/He ii
shown by the core-ERQs strongly suggest high gas densities
(e.g., >∼ 106 cm−3). Given the overlap between the positions
of the core-ERQs and the QSO2s with C iv/He ii > 4 in our
diagnostic diagrams (see also Villar Martin et al. 2020), we
argue that both groups of quasars have a broadly similar
nature: obscured AGN whose geometry and/or orientation
allows part of the intermediate/high density outer BLR to
MNRAS 000, 1–22 (2020)
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Figure 9. Variation of C iv/He ii flux ratio as a function of the
FWHM of C iv with ρ and p-value representing the Spearman’s
rank correlation coefficient and t-distribution, respectively.
be viewed, in addition to the low density NLR. As noted by
Villar Martin et al. (2020), the core-ERQs lie at the high
Nv/C iv edge of the QSO2 cloud (see Fig. 1), implying they
have have some of the highest values of N abundance and/or
ionization parameter of any obscured quasars.
6 REVISED SELECTION CRITERIA FOR
QSO2S WITH LOW DENSITY NLR
In the previous sections we found that a significant frac-
tion (71%) of the 145 Class A candidate QSO2s selected by
Alexandroff et al. (2013) show UV line ratios consistent with
intermediate/high gas densities. Here we propose refined se-
lection criteria for QSO2s, using density-sensitive UV line
flux ratios.
• Class 1: Highly likely QSO2 candidates with C iv/He ii
< 4 and [Ne iv]2422/He ii > 0.4 and [Ne iv]2422/C iv > 0.1
consistent with low electron density (see Figs. 10a and 10b).
One object (0.7%) from the QSO2 sample meets these re-
quirements (SDSSJ213557.35-032130.0; see Table A7).
• Class 2: Good QSO2 candidates with C iv/He ii < 4,
but have no useful information from [Ne iv] ([Ne iv] not de-
tected and the [Ne iv]2422/He ii and [Ne iv]2422/C iv up-
per limits are consistent with [Ne iv]2422/He ii > 0.4 and
[Ne iv]2422/C iv > 0.1; see Figs. 10a and 10b). Fourteen ob-
jects (9.7%) from the QSO2 sample meet these requirements
(see Table A7).
• Class 3: QSO2s with [Ne iv]2422/He ii and
[Ne iv]2422/C iv ratios consistent with low densities,
but with C iv/He ii > 4 consistent with high gas density
and/or high carbon abundance. As discussed in section
5.3, such objects could be objects with an intermediate
orientation such that the low density NLR and more central
intermediate/high density are both observed. On the other
hand, they may be QSO2s with a low density NLR and a
high carbon abundance. Six objects (4.1%) from the QSO2
sample meet these requirements (see Table A7).
• Class 4: Ambiguous, potentially intermediate/high den-
sity objects. QSO2s with C iv/He ii > 4 but [Ne iv]2422/He ii
< 0.4 and [Ne iv]2422/C iv < 0.1 (or no information about
[Ne iv]2422; see Figs. 10a and 10b). A few objects appear
consistent with this criterion, including those two using
[Ne iv]2422/He ii and [Ne iv]2422/C iv upper limits. How-
ever, by rejecting those QSO2s that have CIV/HeII > 4 but
no information about [Ne iv]2422/He ii or [Ne iv]2422/C iv,
it is possible that some QSO2s with genuine low density
NLRs and high carbon abundance are being rejected along-
side high density objects. Seventy-seven objects (53%) from
the QSO2 sample meet these requirements (see Table A7
and A8).
• Class 5: Likely intermediate or high density objects.
QSO2s with [Ne iv]1602/[Ne iv]2422 > 0.5 (see Fig. 10c).
Two objects (1.4%) from the QSO2 sample meet these re-
quirements (see Table A8).
7 SUMMARY
We have studied the ultraviolet emission line ratios of a sam-
ple of 145 QSO2s from SDSS BOSS, and have compared
them against powerful radio galaxies at z ∼ 2.5 and against
a grid of AGN photoionization models. The main results are
as follows:
• Most of the QSO2s show unusually high C iv/He ii ra-
tios (>4, e.g. 86 out of 145 QSO2s), with some showing ex-
treme values of this ratio (> 10, e.g. 17 out of 145 QSO2s),
consistent with BLR-like gas densities (>107 cm−3) or super-
Solar C/O abundance ratios (i.e., secondary carbon).
• The degeneracy between high density and high C abun-
dance can be broken using the C iv/He ii vs [Ne iv]/He ii di-
agram. Both ratios are density sensitive, but the cloud of
QSO2s is positioned where none of the models using the
primary C behaviour can reach. However, models using the
secondary C behaviour can reach the cloud of QSO2s, pro-
vided the gas has super-Solar metallicity.
• The UV emission line ratios of the core-ERQs place
them within the cloud defined by the QSO2s that have ex-
treme values for the C iv/He ii ratio (C iv/He ii > 4), sug-
gesting that the observed emission line gas in both classes
of object has broadly similar physical conditions, i.e., strong
contamination from intermediate/high density gas in the
outer BLR, likely due to orientation and/or geometrical ef-
fects (see also Villar Martin et al. 2020).
• Looking at the HzRGs and QSO2s, we suggest that
the differences between them is due to (i) an orientation
effect where the QSO2s are viewed at an angle that reveals
high/intermediate density gas in the outskirts of the BLR,
and/or (ii) the extension of high/intermediate density gas
above the plane of the obscuring torus Villar Martin et al.
(2020).
• We have identified [Ne iv] λ2422 as a useful indicator for
constraining the gas density. Where this line has been de-
tected (15 QSO2s), its strength relative to other lines implies
gas densities < 106 cm−3. However, two further objects have
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Figure 10. Proposed new criteria to the QSO2s sample to pro-
duce our revised list of QSO2s.
a [Ne iv] λ1602 / [Ne iv] λ2422 ratio that implies densities
> 106 cm−3, indicating that the density of the narrow-line
emitting gas varies between the QSO2s of this sample. In
addition, we have proposed new UV-line based criteria to
select genuine QSO2s with low-density narrow line regions,
and to identify moderate to high-density impostors.
• Solar or super-Solar nitrogen abundances and gas
metallicities are required in most of the QSO2s (e.g. the
Nv/He ii ratio).
• We have compared the UV emission line ratios of the
QSO2s to high-redshift radio galaxies at z > 2, and find that
the QSO2s are systematically offset to higher C iv/He ii,
C iii]/He ii and Nv/He ii ratios, suggesting systematically
higher gas density and/or systematically higher C and N
abundances. However, we find no evidence for a systematic
difference in the N/C abundance ratio between the two types
of object (e.g., from the Nv/C iv ratio).
• Scatter in the N iv]/C iv ratio implies that there is a
significant scatter in the N/C abundance ratio within the
combined QSO2 and HzRG sample, although it is unclear
whether the scatter is due to differences in the ISM abun-
dance ratio or differential depletion of N and C into dust
grains.
• Interestingly, we find that adopting secondary be-
haviour for both N and C alleviates the ”N iv] problem” re-
ported by a number of previous studies. However, we also
note that the secondary behaviour of carbon (in addition to
Nitrogen) is likely to prevent Nv/C iv and N iv]/C iv from
being useful metallicity indicators.
• A subset of the QSO2s and HzRGs appear to be ”silicon-
loud”, with Si iii] relative fluxes suggesting Si/C and Si/O
are an order of magnitude above their Solar values (see Figs.
from A4 to A11). We suggest that this is due to a higher
than expected contribution from type Ia supernovae to the
chemical enrichment of the ISM of the galaxes, resulting
either from the continuation of type Ia supernovae for ∼1
Gyr after the end of the last major star formation event,
or from a stellar initial mass function with a substantially
higher binary fraction than in the Milky Way.
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Table A3. Set of chemical abundances used in MAPPINGS Ie. The abundances were obtained using primary behaviour of C (herefater
PC).
Z/Z 0.5 1.0 2.0 3.0 4.0 5.0
H 1.0 1.0 1.0 1.0 1.0 1.0
He 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2
C 1.35×10−4 2.7×10−4 5.4×10−4 8.1×10−4 1.08×10−3 1.35×10−3
N 1.7×10−5 6.8×10−5 2.72×10−4 6.12×10−4 1.088×10−3 1.7×10−3
O 2.45×10−4 4.9×10−4 9.8×10−4 1.47×10−3 1.96×10−3 2.45×10−3
Ne 4.25×10−5 8.5×10−5 1.7×10−4 2.55×10−4 3.4×10−4 4.25×10−4
Fe 1.6×10−5 3.2×10−5 6.4×10−5 9.6×10−5 1.28×10−4 1.6×10−4
Mg 2.0×10−5 4.0×10−5 8.0×10−5 1.2×10−4 1.6×10−4 2.0×10−4
Si 1.6×10−5 3.2×10−5 6.4×10−5 9.6×10−5 1.28×10−4 1.6×10−4
S 6.5×10−6 1.3×10−5 2.6×10−5 3.9×10−5 5.2×10−5 6.5×10−5
Ca 1.1×10−6 2.2×10−6 4.4×10−6 6.6×10−6 8.8×10−6 1.1×10−5
Ar 1.25×10−6 2.5×10−6 5.0×10−6 7.5×10−6 1.0×10−5 1.25×10−5
Table A4. Set of chemical abundances used in MAPPINGS Ie. The abundances were obtained using secondary behaviour of C (herefater
SC).
Z/Z 0.5 1.0 2.0 3.0 4.0 5.0
H 1.0 1.0 1.0 1.0 1.0 1.0
He 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2
C 6.75×10−5 2.7×10−4 1.08×10−3 2.43×10−3 4.32×10−3 6.75×10−3
N 1.7×10−5 6.8×10−5 2.72×10−4 6.12×10−4 1.088×10−3 1.7×10−3
O 2.45×10−4 4.9×10−4 9.8×10−4 1.47×10−3 1.96×10−3 2.45×10−3
Ne 4.25×10−5 8.5×10−5 1.7×10−4 2.55×10−4 3.4×10−4 4.25×10−4
Fe 1.6×10−5 3.2×10−5 6.4×10−5 9.6×10−5 1.28×10−4 1.6×10−4
Mg 2.0×10−5 4.0×10−5 8.0×10−5 1.2×10−4 1.6×10−4 2.0×10−4
Si 1.6×10−5 3.2×10−5 6.4×10−5 9.6×10−5 1.28×10−4 1.6×10−4
S 6.5×10−6 1.3×10−5 2.6×10−5 3.9×10−5 5.2×10−5 6.5×10−5
Ca 1.1×10−6 2.2×10−6 4.4×10−6 6.6×10−6 8.8×10−6 1.1×10−5
Ar 1.25×10−6 2.5×10−6 5.0×10−6 7.5×10−6 1.0×10−5 1.25×10−5
Table A5. Set of chemical abundances used in MAPPINGS Ie. The abundances were obtained using primary carbon with Si/O=10xSolar
(or PCSi10).
Z/Z 0.5 1.0 2.0 3.0 4.0 5.0
H 1.0 1.0 1.0 1.0 1.0 1.0
He 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2
C 1.35×10−4 2.7×10−4 1.08×10−3 2.43×10−3 4.32×10−3 6.75×10−3
N 1.7×10−5 6.8×10−5 2.72×10−4 6.12×10−4 1.088×10−3 1.7×10−3
O 2.45×10−4 4.9×10−4 9.8×10−4 1.47×10−3 1.96×10−3 2.45×10−3
Ne 4.25×10−5 8.5×10−5 1.7×10−4 2.55×10−4 3.4×10−4 4.25×10−4
Fe 1.6×10−5 3.2×10−5 6.4×10−5 9.6×10−5 1.28×10−4 1.6×10−4
Mg 2.0×10−5 4.0×10−5 8.0×10−5 1.2×10−4 1.6×10−4 2.0×10−4
Si 1.6×10−4 3.2×10−4 6.4×10−4 9.6×10−4 1.28×10−3 1.6×10−3
S 6.5×10−6 1.3×10−5 2.6×10−5 3.9×10−5 5.2×10−5 6.5×10−5
Ca 1.1×10−6 2.2×10−6 4.4×10−6 6.6×10−6 8.8×10−6 1.1×10−5
Ar 1.25×10−6 2.5×10−6 5.0×10−6 7.5×10−6 1.0×10−5 1.25×10−5
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Table A6. Set of chemical abundances used in MAPPINGS Ie. The abundances were obtained using secondary carbon with
Si/O=10xSolar (or SCSi10).
Z/Z 0.5 1.0 2.0 3.0 4.0 5.0
H 1.0 1.0 1.0 1.0 1.0 1.0
He 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2 8.5×10−2
C 6.75×10−5 2.7×10−4 1.08×10−3 2.43×10−3 4.32×10−3 6.75×10−3
N 1.7×10−5 6.8×10−5 2.72×10−4 6.12×10−4 1.088×10−3 1.7×10−3
O 2.45×10−4 4.9×10−4 9.8×10−4 1.47×10−3 1.96×10−3 2.45×10−3
Ne 4.25×10−5 8.5×10−5 1.7×10−4 2.55×10−4 3.4×10−4 4.25×10−4
Fe 1.6×10−5 3.2×10−5 6.4×10−5 9.6×10−5 1.28×10−4 1.6×10−4
Mg 2.0×10−5 4.0×10−5 8.0×10−5 1.2×10−4 1.6×10−4 2.0×10−4
Si 1.6×10−4 3.2×10−4 6.4×10−4 9.6×10−4 1.28×10−3 1.6×10−3
S 6.5×10−6 1.3×10−5 2.6×10−5 3.9×10−5 5.2×10−5 6.5×10−5
Ca 1.1×10−6 2.2×10−6 4.4×10−6 6.6×10−6 8.8×10−6 1.1×10−5
Ar 1.25×10−6 2.5×10−6 5.0×10−6 7.5×10−6 1.0×10−5 1.25×10−5
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Figure A1. Spectra of the emission line [Ne iv] λ 1602 detected in some type II quasars.
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Figure A2. Spectra of the emission line [Ne iv] λ 2422 detected in some type II quasars.
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Figure A3. (continued).
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Figure A4. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), Keck II HzRGs from Vernet et al. (2001) (blue filled
triangles) and BLRG 2025–218 (red filled triangle) from Humphrey et al. (2008b) with photoionization models using ionizing continuum
power law index α = -1.0. Each diagram presents a different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different
colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid black triangle corresponds to the lowest ionization
parameter (U = 2×10−3) while the solid black star corresponds to the maximum value of the ionization parameter (U = 1.0).
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Figure A5. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), Keck II HzRGs from Vernet et al. (2001) (blue filled triangles)
and BLRG 2025–218 (red filled triangle) from Humphrey et al. (2008b) with photoionization models using ionizing continuum power
law index α = -1.0. Carbon is a secondary element in which its abundance is proportional to the square of the metallicity. Each diagram
presents a different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density
(nH ). At the end of each sequence, a solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid
black star corresponds to the maximum value of the ionization parameter (U = 1.0).
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Figure A6. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), Keck II HzRGs from Vernet et al. (2001) (blue filled triangles)
and BLRG 2025–218 (red filled triangle) from Humphrey et al. (2008b) with photoionization models using ionizing continuum power law
index α = -1.0. Each diagram presents a different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. In addition, the abundance of
Si was increased by a factor of 10, resulting in a Si/O abundance ratio ten times its Solar value. Curves with different colors represent
the hydrogen gas density (nH ). At the end of each sequence, a solid black triangle corresponds to the lowest ionization parameter (U =
2×10−3) while the solid black star corresponds to the maximum value of the ionization parameter (U = 1.0). MNRAS 000, 1–22 (2020)
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Figure A7. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), Keck II HzRGs from Vernet et al. (2001) (blue filled triangles)
and BLRG 2025–218 (red filled triangle) from Humphrey et al. (2008b) with photoionization models using ionizing continuum power
law index α = -1.0. Each diagram presents a different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Carbon is a secondary
element in which its abundance is proportional to the square of the metallicity and at each of the gas metallicities shown in this Figure,
the abundance of Si was increased by a factor of 10, resulting in a Si/O abundance ratio ten times its Solar value. Curves with different
colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid black triangle corresponds to the lowest ionization
parameter (U = 2×10−3) while the solid black star corresponds to the maximum value of the ionization parameter (U = 1.0).MNRAS 000, 1–22 (2020)
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Figure A8. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and Keck II HzRGs from Vernet et al. (2001) (blue
filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different gas
metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of
each sequence, a solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds
to the maximum value of the ionization parameter (U = 1.0).
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Figure A9. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and Keck II HzRGs from Vernet et al. (2001) (blue
filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Carbon is a secondary element in
which its abundance is proportional to the square of the metallicity. Each diagram presents a different gas metallicity, i.e., Z/Z = 0.5,
1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid black
triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum value of
the ionization parameter (U = 1.0).
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Figure A10. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and Keck II HzRGs from Vernet et al. (2001) (blue
filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different gas
metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. In addition, at each of the gas metallicities shown in this Figure, the abundance of
Si was increased by a factor of 10, resulting in a Si/O abundance ratio ten times its Solar value. Curves with different colors represent
the hydrogen gas density (nH ). At the end of each sequence, a solid black triangle corresponds to the lowest ionization parameter (U =
2×10−3) while the solid black star corresponds to the maximum value of the ionization parameter (U = 1.0).
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Figure A11. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and Keck II HzRGs from Vernet et al. (2001) (blue
filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different gas
metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Carbon is a secondary element in which its abundance is proportional to the square of
the metallicity and at each of the gas metallicities shown in this Figure, the abundance of Si was increased by a factor of 10, resulting
in a Si/O abundance ratio ten times its Solar value. Curves with different colors represent the hydrogen gas density (nH ). At the end of
each sequence, a solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds
to the maximum value of the ionization parameter (U = 1.0).MNRAS 000, 1–22 (2020)
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Figure A12. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and Keck II HzRGs from Vernet et al. (2001) (blue
filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different
gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. The black arrows represent the estimated 3σ upper limit for the emission line
[Ne iv] λ 1602 while the red arrows represent the estimated 3σ upper limit for the emission line [Ne iv] λ 2422. Curves with different
colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid black triangle corresponds to the lowest ionization
parameter (U = 2×10−3) while the solid black star corresponds to the maximum value of the ionization parameter (U = 1.0).
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Figure A13. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4 and
C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and Keck II HzRGs from Vernet et al. (2001) (blue filled
triangles) with photoionization models using ionizing continuum power law index α = -1.0. Carbon is a secondary element in which its
abundance is proportional to the square of the metallicity. Each diagram presents a different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0,
3.0, 4.0, 5.0.The black arrows represent the estimated 3σ upper limit for the emission line [Ne iv] λ 1602 while the red arrows represent
the estimated 3σ upper limit for the emission line [Ne iv] λ 2422. Curves with different colors represent the hydrogen gas density (nH ).
At the end of each sequence, a solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black
star corresponds to the maximum value of the ionization parameter (U = 1.0).MNRAS 000, 1–22 (2020)
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Figure A14. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and Keck II HzRGs from Vernet et al. (2001) (blue
filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different gas
metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of
each sequence, a solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds
to the maximum value of the ionization parameter (U = 1.0).
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Figure A15. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and Keck II HzRGs from Vernet et al. (2001) (blue
filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Carbon is a secondary element in
which its abundance is proportional to the square of the metallicity. Each diagram presents a different gas metallicity, i.e., Z/Z = 0.5,
1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid black
triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum value of
the ionization parameter (U = 1.0).
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Figure A16. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and Keck II HzRGs from Vernet et al. (2001) (blue
filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different gas
metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At the end of
each sequence, a solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds
to the maximum value of the ionization parameter (U = 1.0).
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Figure A17. Comparison of the observed emission line ratios from the SDSS type II quasars divided in objects with C iv/He ii < 4
and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and Keck II HzRGs from Vernet et al. (2001) (blue
filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a different gas
metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Carbon is a secondary element in which its abundance is proportional to the square
of the metallicity. Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid black
triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum value of
the ionization parameter (U = 1.0).
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Figure A18. Comparison of the observed emission line ratios of type II quasars from Greene et al. (2014), divided in objects with
C iv/He ii < 4 and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and HzRGs from Humphrey et al. (2008a)
(blue and red filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a
different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At
the end of each sequence, a solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star
corresponds to the maximum value of the ionization parameter (U = 1.0).
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Figure A19. Comparison of the observed emission line ratios of type II quasars from Greene et al. (2014), divided in objects with
C iv/He ii < 4 and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and HzRGs from Humphrey et al. (2008a)
(blue and red filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a
different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Carbon is a secondary element in which its abundance is proportional to
the square of the metallicity. Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid
black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum value
of the ionization parameter (U = 1.0).
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Figure A20. Comparison of the observed emission line ratios of type II quasars from Greene et al. (2014), divided in objects with
C iv/He ii < 4 and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and HzRGs from Humphrey et al. (2008a)
(blue and red filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a
different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Curves with different colors represent the hydrogen gas density (nH ). At
the end of each sequence, a solid black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star
corresponds to the maximum value of the ionization parameter (U = 1.0).
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Figure A21. Comparison of the observed emission line ratios of type II quasars from Greene et al. (2014), divided in objects with
C iv/He ii < 4 and C iv/He ii > 4 (purple filled diamond and yellow filled circles, respectively), and HzRGs from Humphrey et al. (2008a)
(blue and red filled triangles) with photoionization models using ionizing continuum power law index α = -1.0. Each diagram presents a
different gas metallicity, i.e., Z/Z = 0.5, 1.0, 2.0, 3.0, 4.0, 5.0. Carbon is a secondary element in which its abundance is proportional to
the square of the metallicity. Curves with different colors represent the hydrogen gas density (nH ). At the end of each sequence, a solid
black triangle corresponds to the lowest ionization parameter (U = 2×10−3) while the solid black star corresponds to the maximum value
of the ionization parameter (U = 1.0).
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Table A7. List of objects separated according to the selection criteria presented in §6.
SDSS name z NV/HeII CIV/HeII [NeIV]2422/HeII [NeIV]2422/CIV [NeIV]1602/[NeIV]2422 FWHMCIV (km s
−1)
Class 1
J213557.35-032130.0 2.15 1.51 ± 0.11 3.75 ± 0.29 0.71 ± 0.20 0.19 ± 0.02 < 2.57 846 ± 115
Class 2
J161059.96+260321.5 2.28 1.19 ± 0.19 3.85 ± 0.38 – – – 1034 ± 87
J001814.72+023258.8 2.90 3.45 ± 0.54 – – – 557 ± 47
J074725.50+160053.7 2.83 0.53 ± 0.09 3.16 ± 0.19 – – – 1300 ± 67
J080826.02+435652.1 2.85 – 3.44 ± 0.55 – – – 727 ± 62
J081257.15+181916.8 2.38 0.91 ± 0.35 2.24 ± 0.33 – – – 532 ± 38
J094308.14+380923.0 3.12 1.64 ± 0.17 2.12 ± 0.27 – – – 545 ± 116
J101448.79+451444.7 2.28 2.16 ± 0.06 3.88 ± 0.49 – – – 680 ± 69
J113351.03+400851.1 3.00 1.11 ± 0.08 2.91 ± 0.20 – – – 574 ± 46
J114703.82+382727.2 2.26 2.94 ± 0.47 3.10 ± 0.65 – – – 620 ± 111
J122214.45+374837.9 3.16 0.98 ± 0.13 3.48 ± 0.44 – – – 1452 ± 41
J124302.62+421245.3 2.41 0.97 ± 0.29 2.39 ± 0.22 – – – 1375 ± 76
J141853.65+034005.2 3.19 – 3.79 ± 0.34 – – – 619 ± 74
J152051.00+252830.1 3.77 1.38 ± 0.27 3.17 ± 0.47 – – – 1015 ± 86
J161353.27+201526.5 2.97 – 3.64 ± 0.36 – – – 982 ± 56
Class 3
J001040.82+004550.5 2.72 2.09 ± 0.28 4.26 ± 0.16 0.76 ± 0.15 0.18 ± 0.09 < 1.99 1362 ± 98
J155108.96+321051.1 2.36 0.88 ± 0.36 7.60 ± 0.61 0.90 ± 0.11 0.12 ± 0.06 < 2.69 2380 ± 121
J155725.27+260252.8 2.82 4.58 ± 0.43 5.10 ± 0.17 0.93 ± 0.10 0.18 ± 0.03 < 2.32 1172 ± 85
J212055.57+065244.7 2.60 1.80 ± 0.32 5.57 ± 0.27 1.13 ± 0.05 0.20 ± 0.02 < 0.78 625 ± 75
J163343.85+261026.2 3.07 2.52 ± 0.22 5.76 ± 0.08 < 0.83 < 0.14 > 1.35 983 ± 52
J162025.94+170721.5 2.03 2.03 ± 0.18 6.77 ± 0.11 < 0.90 < 0.13 > 1.03 1005 ± 74
Class 4
J162327.66+312204.3 2.34 6.00 ± 0.50 5.11 ± 0.81 0.32 ± 0.10 0.06 ± 0.02 – 994 ± 90
J011506.65-015307.0 2.33 2.50 ± 0.79 8.37 ± 0.19 – – – 1901 ± 64
J022051.68-012403.3 2.60 6.03 ± 0.46 9.43 ± 0.20 – – – 2613 ± 74
J075119.09+130202.4 2.64 2.51 ± 0.13 4.76 ± 0.33 – – – 788 ± 88
J081950.96+111507.9 2.81 2.74 ± 0.05 7.82 ± 0.34 – – – 987 ± 49
J084005.00+344832.1 2.55 1.50 ± 0.13 9.12 ± 0.80 – – – 1300 ± 107
J100916.93+031128.9 2.69 8.55 ± 0.14 9.18 ± 0.26 – – – 1252 ± 39
J114542.07+401318.4 3.30 4.59 ± 0.65 8.03 ± 0.06 – – – 1155 ± 91
J125148.53+060027.4 2.27 2.97 ± 0.81 5.77 ± 0.09 – – – 1365 ± 53
J150549.73+074309.0 3.32 4.08 ± 0.08 5.79 ± 0.85 – – – 1354 ± 20
J153306.06+322649.6 2.71 9.21 ± 0.62 15.53 ± 0.41 – – – 1600 ± 25
J160900.01+190534.8 2.54 1.81 ± 0.17 8.88 ± 0.26 – – – 1051 ± 113
J162812.51+233734.8 2.39 2.51 ± 0.69 6.67 ± 0.35 – – – 1702 ± 99
J163343.85+261026.2 3.07 2.52 ± 0.52 5.76 ± 0.08 – – – 983 ± 52
J222946.61+005540.5 2.37 4.71 ± 0.63 9.00 ± 0.68 – – – 2036 ± 103
J004423.20+035715.5 2.22 1.58 ± 0.44 6.35 ± 0.19 – – – 931 ± 25
J004600.48+000543.6 2.46 4.65 ± 0.47 6.89 ± 0.27 – – – 1781 ± 29
J012552.08-015218.3 3.18 10.28 ± 0.44 12.96 ± 0.37 – – – 1799 ± 120
J014607.15+121119.9 3.14 6.82 ± 0.25 10.89 ± 0.24 – – – 947 ± 107
J015700.14+073116.0 3.05 6.16 ± 0.41 17.06 ± 0.78 – – – 1050 ± 102
J020245.82+000848.4 2.22 – 7.19 ± 0.04 – – – 1029 ± 35
J020643.64+010403.3 2.66 3.39 ± 0.46 4.55 ± 0.12 – – – 511 ± 84
J020728.19+033833.5 2.76 5.39 ± 0.52 6.34 ± 0.22 – – – 1562 ± 35
J024525.95+025310.7 3.18 2.79 ± 0.26 4.63 ± 0.10 – – – 1472 ± 25
J025339.00+042154.5 2.85 7.53 ± 0.45 10.87 ± 0.63 – – – 1189 ± 49
J073637.54+225917.4 2.27 3.43 ± 0.70 7.92 ± 0.64 – – – 1000 ± 72
J073851.85+422010.9 2.19 1.80 ± 0.37 5.35 ± 0.80 – – – 1372 ± 46
J080428.80+111906.6 2.59 2.12 ± 0.32 4.90 ± 0.16 – – – 1240 ± 64
J081812.72+223755.3 2.46 3.74 ± 0.16 7.35 ± 0.21 – – – 726 ± 78
J082530.67+120658.4 2.35 3.31 ± 0.06 4.99 ± 0.06 – – – 733 ± 91
J082550.58+332543.1 2.87 3.99 ± 0.41 5.81 ± 0.56 – – – 694 ± 67
J083851.81+022907.1 2.87 1.36 ± 0.24 9.37 ± 0.05 – – – 1130 ± 45
J084949.57+044330.9 3.10 1.14 ± 0.12 6.41 ± 0.49 – – – 898 ± 47
J090612.64+030900.4 2.50 4.92 ± 0.46 8.61 ± 0.45 – – – 1285 ± 55
J091025.50+042944.4 3.78 4.43 ± 0.54 5.19 ± 0.16 – – – 1148 ± 52
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Table A8. continued.
SDSS name z NV/HeII CIV/HeII [NeIV]2422/HeII [NeIV]2422/CIV [NeIV]1602/[NeIV]2422 FWHMCIV (km s
−1)
Class 4
J091357.87+005530.7 3.21 5.37 ± 0.49 9.60 ± 0.64 – – – 1559 ± 68
J094826.45+035834.5 2.27 2.16 ± 0.18 7.70 ± 0.03 – – – 1221 ± 74
J095819.35+013530.5 3.06 2.34 ± 0.19 6.98 ± 0.23 – – – 1865 ± 41
J100133.85+415107.9 2.36 3.22 ± 0.70 10.33 ± 0.20 – – – 1862 ± 97
J100210.53+381245.0 2.94 5.96 ± 0.36 12.01 ± 0.70 – – – 1347 ± 57
J104133.36+393325.4 2.43 3.88 ± 0.52 15.04 ± 0.72 – – – 2328 ± 57
J105324.11+445444.4 2.31 4.91 ± 0.18 6.46 ± 0.23 – – – 1768 ± 41
J105344.18+395402.3 3.23 3.49 ± 0.28 5.46 ± 0.59 – – – 939 ± 53
J114856.13+012731.6 2.33 3.51 ± 0.35 6.27 ± 0.29 – – – 778 ± 43
J115335.78+051221.8 3.07 0.72 ± 0.17 4.55 ± 0.38 – – – 1308 ± 113
J115411.95+040556.4 3.32 2.96 ± 0.13 5.56 ± 0.62 – – – 1084 ± 65
J115510.34+044455.4 2.43 5.24 ± 0.25 7.04 ± 0.17 – – – 1176 ± 119
J115947.86+351418.6 2.47 4.21 ± 0.49 6.98 ± 0.29 – – – 1089 ± 28
J133059.32+014610.3 2.34 5.15 ± 0.41 5.92 ± 0.15 – – – 683 ± 101
J133417.04+362753.0 2.29 3.16 ± 0.13 14.33 ± 0.25 – – – 1166 ± 109
J140625.75+042919.4 3.38 2.32 ± 0.17 6.27 ± 0.09 – – – 1457 ± 39
J144441.05-001343.4 2.55 5.27 ± 0.37 18.37 ± 0.36 – – – 1290 ± 95
J150145.46+360148.4 2.19 4.12 ± 0.15 5.59 ± 0.02 – – – 632 ± 99
J150451.51+202507.4 3.81 2.68 ± 0.29 7.80 ± 0.50 – – – 1288 ± 66
J151544.01+175753.0 2.40 3.43 ± 0.22 4.22 ± 0.20 – – – 908 ± 53
J151747.00+005550.7 2.66 1.12 ± 0.18 4.60 ± 0.13 – – – 874 ± 55
J151815.55+273618.0 3.34 8.45 ± 0.32 14.03 ± 0.19 – – – 1250 ± 73
J152105.83+182318.3 2.66 0.94 ± 0.10 4.80 ± 0.42 – – – 866 ± 37
J155200.53+175722.7 2.70 – 5.34 ± 0.18 – – – 801 ± 96
J160103.85+195436.2 2.45 3.39 ± 0.18 6.30 ± 0.14 – – – 911 ± 31
J160158.53+260926.1 2.79 5.27 ± 0.42 9.35 ± 0.27 – – – 1186 ± 81
J161343.40+314524.8 3.21 1.56 ± 0.24 10.78 ± 0.40 – – – 1034 ± 110
J161447.97+354221.2 3.30 1.76 ± 0.26 4.27 ± 0.11 – – – 981 ± 92
J162025.94+170721.5 2.03 4.45 ± 0.48 6.77 ± 0.21 – – – 1005 ± 74
J162500.57+165705.8 2.20 2.65 ± 0.35 5.24 ± 0.31 – – – 1377 ± 76
J162651.76+293111.3 2.48 1.43 ± 0.19 5.79 ± 0.26 – – – 762 ± 72
J162806.01+331551.1 2.43 3.28 ± 0.25 5.44 ± 0.18 – – – 1189 ± 113
J165525.54+322936.9 2.72 2.56 ± 0.14 11.25 ± 0.38 – – – 1450 ± 65
J170110.12+301502.9 3.27 6.57 ± 0.25 6.57 ± 0.17 – – – 1441 ± 109
J170558.64+273624.8 2.45 5.58 ± 0.21 12.09 ± 0.29 – – – 1197 ± 47
J171908.90+310438.6 2.32 0.99 ± 0.16 6.13 ± 0.37 – – – 1281 ± 83
J213843.08-010133.6 2.80 1.44 ± 0.17 4.60 ± 0.26 – – – 1073 ± 47
J215341.33+041132.7 2.42 2.39 ± 0.22 4.85 ± 0.17 – – – 1032 ± 70
J225607.63+052520.2 3.15 4.62 ± 0.33 10.42 ± 0.30 – – – 962 ± 71
J230451.68+005135.1 4.17 12.09 ± 0.29 14.16 ± 0.34 – – – 1601 ± 66
Class 5
J163343.85+261026.2 3.07 2.52 ± 0.42 5.76 ± 0.08 < 0.83 < 0.14 > 1.35 983 ± 52
J162025.94+170721.5 2.03 4.45 ± 0.48 6.77 ± 0.21 < 0.90 < 0.13 > 1.03 1005 ± 74
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